Adsorption isotherms of nitrogen, carbon dioxide, methanol, dichloromethane, benzene and neopentane were determined on a range of molecular sieve and super-activated carbons with the objective of establishing the range of validity of the Theory of Volume Filling of Micropores (TVFM) in terms of the ratio of pore width to molecular diameter, L o /σ. It is shown that, in the absence of molecular-sieving effects, both the characteristic curve concept and the DR equation are valid over the whole of the micropore range, corresponding to values of L o /σ less than or equal to 5 and to at least a slight enhancement in the characteristic energy, E 0 , of the adsorbent when compared with the corresponding value obtained with non-porous carbon blacks. On the other hand, estimation of the mean micropore width was only possible for values of L o /σ up to ca. 2.3, corresponding to at least a two-fold enhancement in E 0 . Results obtained using N 2 at 77 K showed some significant differences to those obtained with organic adsorptives at higher temperature.
INTRODUCTION
Dubinin's Theory of Volume Filling of Micropores (TVFM) was originally proposed almost 60 years ago (Dubinin et al. 1947) . Since that time a number of extensions to the original theory (Dubinin 1979; Stoeckli et al. 1979; Stoeckli 1989 Stoeckli , 1995 Slasli et al. 2003) as well as alternative theories (Seaton et al. 1989; Aukett et al. 1992; Ravikovitch et al. 2000) have been proposed. However, the TVFM-based DR equation continues to be the most widely used method for characterising the microporosity of activated carbons. As the TVFM is a theory of equilibrium adsorption in micropores, it is obviously valid only over a certain range of pore size. According to IUPAC recommendations (Sing et al. 1985) , slit-shaped micropores have a width < 2 nm which, in the case of N 2 adsorption, corresponds to a pore width/molecular diameter ratio, L o /σ, up to ca. 5. We have used the symbol L o to indicate the accessible pore width as this is the conventional symbol for mean pore width within the context of the TVFM.
On this basis, it might be expected that the range of validity of the TVFM, when applied to adsorption isotherms of adsorptive molecules of different molecular size, would be dependent on the ratio L o /σ and not just on the nominal micropore limit of 2 nm. In order to test this hypothesis, we have analysed adsorption isotherms of nitrogen, carbon dioxide, methanol, dichloromethane, benzene and neopentane on a range of molecular sieve and super-activated carbons within the framework of the TVFM in order to cover a range of L o /σ extending slightly beyond the micropore limit of 5. The results are presented in this paper.
Analysis of the results involved essentially three aspects, viz. the characteristic curve, the estimation of the micropore volume and the estimation of the mean micropore width. The first is the fundamental basis of the TVFM and we will express it in the form:
(1) where V a is the adsorption (expressed as an equivalent liquid volume) at an equilibrium relative pressure of P/P 0 and a temperature T, and A denotes the differential molar work of adsorption given by (2) and β is a scaling factor characteristic of the adsorptive and denotes the similarity or affinity coefficient. Values of β can be calculated from the ratio of certain molecular properties of the adsorptive and a standard vapour (Wood 2001) . Benzene is invariably chosen as the standard vapour and its similarity coefficient is therefore β = 1. According to equation (1), plots of V a versus A/β for different adsorptives at different temperatures on the same solid should coincide.
A quantitative expression of equation (1) is the Dubinin-Radushkevich (DR) equation (Dubinin et al. 1947) which in its modern formulation can be expressed as:
( 3) Two properties characteristic of the solid may be calculated from this equation, viz. the micropore volume, V 0 , and the characteristic energy, E 0 , from the intercept and slope of a plot of ln V a versus (A/β) 2 . As long as no molecular-sieving effects are present, the values of the micropore volume and the characteristic energy obtained by analysis of isotherms of different adsorptives on the same solid should be the same.
The characteristic energy is related to the mean micropore width. A quantitative relationship proposed by Stoeckli et al. (1990) is:
(4) Equation (4) allows us to obtain a physically significant property of the solid, viz. the mean micropore width. Furthermore, it also allows us to transform adsorption energy distributions, calculated directly from experimental measurements, into pore-size distributions. The range of validity of the equation is obviously of considerable interest.
EXPERIMENTAL
Some of the experimental isotherm data have been published previously and analysed in a different context (Carrott et al. 2000a (Carrott et al. ,b, 2001a . Briefly, organic vapour adsorption isotherms
were determined gravimetrically at 298 K using a CI Electronics Mark II aluminium vacuum microbalance head and a Disbal control unit, with pressure measurements being made by means of Edwards type 600 and 620 Barocell capacitance manometers coupled to an Edwards 6 head AGC readout unit. All other parts of the vacuum dosing system were made of glass, except for the polymeric barrels of the ACE glass vacuum taps. The sample temperature was controlled by means of a continuous flow of a water/antifreeze mixture between an insulated jacket around the sample flask and a Grant LTD20 thermostat bath. The flow was maintained constant by means of a Cole Palmer peristaltic pump. The temperature of the mixture was measured at a point close to the sample and the vapour pressure of the adsorptive at this temperature was calculated from the data given by Reid et al. (1987) . Before determination of each isotherm, the sample was outgassed at 673 K using a rotary-backed diffusion pump to a residual pressure better than 10 -4 Torr.
Nitrogen adsorption isotherms at 77 K were determined using a CE Instruments Sorptomatic 1990. Before determination of the nitrogen isotherms, each sample was outgassed at 673 K using a rotary-backed turbomolecular pump to a residual pressure better than 10 -4 Torr. The microporous carbons studied include carbon molecular sieves supplied by the Takeda Company (MSC-3A, MSC-4A and X2MH 6/8 -designated as T3A, T4A and TX2, respectively, in this paper) and the Kansai Coke Company (Maxsorb MSC-25 and MSC-30 -designated as M25 and M30 in this paper). In addition, a sample of Takeda MSC-5A (designated as T5A in this paper) was kindly supplied by Prof. K. Kaneko of Chiba University in Japan. All the Takeda samples were extruded and the Maxsorbs were powdered. The values of the micropore volumes and mean micropore widths of each activated carbon are listed in Table 1 and were generally in agreement with data provided by other authors (Stoeckli et al. 2002; Bae and Lee 2005; Rutherford and Coons 2003; Py et al. 2003) . The choice of adsorptives used for the determination of these values will be explained below.
The adsorptives used were nitrogen (N 2 , 99.995%, Linde), carbon dioxide (CO 2 , 99.995%, Linde), methanol (CH 3 OH, 99.8%, Fluka), dichloromethane (CH 2 Cl 2 , 99.8%, Fluka), benzene (C 6 H 6 , 99.8%, Fluka) and neopentane [C(CH 3 ) 4 , > 99%, Linde]. The liquid adsorptives were degassed in situ by means of repeated freeze-thaw cycles in liquid nitrogen. The temperature used for the determination of the isotherms of each adsorptive, as well as the values of the molecular diameter and the β value used (Barrer 1978; Carrott et al. 1988 Carrott et al. , 1989 Carrott et al. , 1995 Reid et al. 1987; Rouquérol et al. 1999; Stoeckli et al. 1990; Wood 2001; Yang 2003) are all listed in Table 2 .
RESULTS AND DISCUSSION

Estimation of micropore volumes and mean micropore widths
The micropore volumes obtained by application of the DR equation to the adsorption isotherms of the different adsorptives on each activated carbon are listed in Table 3 . Low-pressure hysteresis was observed with a number of systems (indicated by lph in Table 3 ). This is a reflection of the activated diffusion of the adsorptive molecules, and equilibrium adsorption theories (including the TVFM) cannot be applied in such cases. It can be seen from Table 3 that significant differences in the micropore volumes estimated from the adsorption isotherms of different adsorptives occurred for each adsorbent. In particular, N 2 tended to give lower micropore volumes. We believe that in the case of N 2 adsorption by T4A and T5A this was due to a molecular-sieving effect (even though the isotherms were apparently reversible). The low micropore volumes given by benzene with the same samples were also probably due to molecular sieving. Hence, in calculating the micropore volumes given in Table 1 for these samples, only the values for carbon dioxide, methanol and dichloromethane were considered. In the case of TX2 there was apparently no molecular sieving of N 2 . However, the slightly higher micropore volume given by N 2 in comparison to the values given by the other adsorptives may be significant, as other work with microporous carbons (Carrott 1995) , as well as with meso-structured silicas (Ribeiro Carrott et al. 2001) , has indicated that the density of N 2 in porous solids may be higher than the normal liquid density, with the micropore volume being consequently over-estimated. For this reason, the N 2 value was not used to calculate the micropore volume for TX2 given in Table 1 .
In the case of the Maxsorb samples, the very low N 2 micropore volumes cannot be explained on the basis of molecular sieving. The reason becomes apparent if we look at the characteristic curves given by M30, for example, and shown in Figure 1 . It will be seen from the figure that, for the organic adsorptives, the Maxsorb characteristic curves have a form which is typical for adsorption by microporous carbons and also similar to those given by the Takeda samples. Furthermore, there was good agreement between all of the adsorptives. Only methanol, which is the smallest adsorptive and which gave the highest L o /σ ratio, was slightly different from the others. On the other hand, the N 2 characteristic curve was completely different and exhibited a clearly defined step. This is consistent with other experimental (Atkinson et al. 1987 ) and theoretical (Ravikovitch et al. 2000) work, which has shown that the adsorption of N 2 in wide micropores involves a two-stage process, viz. monolayer coverage of the micropore walls followed by condensation in the pore centre at higher pressures. Overall, this is not the volume-filling process envisaged in the TVFM and the micropore volume obtained is therefore not comparable with the values obtained using the other adsorptives. For this reason, the values of the micropore volume for M30 and M25 given in Table 1 were calculated using the values for neopentane, benzene, dichloromethane and, only in the case of M25, methanol.
With the exception of the values excluded above, we now find that for each activated carbon the micropore volumes given by the different adsorptives agree to within ± 0.02 cm 3 /g which we consider to be an acceptable degree of uncertainty in the micropore volume. The mean micropore widths obtained by application of equation (4) are listed in Table 4 . It is immediately apparent that the values for the Maxsorb carbons obtained with methanol, dichloromethane and benzene were unrealistically high. Hence, although the characteristic curve concept and the DR equation appear to be valid for these systems, equation (4) gave significant over-estimations of the mean micropore width. We will show below that the neopentane L o value for M30 was also probably over-estimated, but that the corresponding value for M25 should be close to the correct value.
Reasonable agreement may be observed between the L o values given by different adsorptives for each of the Takeda samples, except for N 2 . For this reason, N 2 was not considered when calculating the L o values listed in Table 1 . It can be seen from the tables that the variation in L o for each sample was ± 0.03 nm which we consider an acceptable degree of uncertainty in the estimated mean micropore width. We will make some comments on the N 2 values for all of the carbon samples below.
Range of validity of the TVFM
On the basis of the results summarised in Table 1 and the data listed in Table 2 , we can now calculate the L o /σ ratios for each system and these are given below in Table 5 . It should be remembered that manufacture of the Takeda samples involves the formation of a thin film on a microporous substrate. This film determines the molecular-sieving properties, whereas the micropore volume and mean pore width obtained by application of equations (3) and (4) are characteristic of the substrate. Hence, the fact that molecular-sieving behaviour was observed when the L o /σ ratio was greater than unity is not inconsistent. In fact, the results in Table 5 indicate that molecular-sieving behaviour was observed with the Takeda samples and organic substrates up to an L o /σ ratio of 1.6 and with N 2 at an L o /σ ratio of 1.8. It should also be remembered that the values given in Table 5 for M30 are limiting values and that the correct values would be somewhat lower (but higher than those given for M25).
If we consider those systems listed in Table 1 which were used to calculate the micropore volumes indicated in the third column of this table, then it can be seen that the L o /σ ratio increased up to at least 4.4 (M25/methanol) and with an upper limit of 6.0 (M30/dichloromethane). This may appear a somewhat surprising result as it indicates that the characteristic curve concept and the DR equation may apply well beyond the primary micropore-filling range (which extends up to ca. L o /σ = 2). In fact, the results indicate that with organic adsorptives -but not nitrogen -the characteristic curve concept and the DR equation applied over the whole micropore range (which extends up to L o /σ = 5), but not much beyond that limit.
If we now consider those systems which were used to calculate the mean micropore widths listed in the last column of Table 1 and exclude the value for M30, then it can be seen that reliable micropore widths could only be obtained for L o /σ values up to 2.3. According to Stoeckli et al. (1990) , equation (3) is valid up to L o < 1.5-1.8 nm, which is entirely consistent with our results. On the other hand, Stoeckli et al. (2001) have since proposed a slightly modified version of equation (3) which is claimed to be valid up to L o < 2.5-3.0 nm. However, the data presented for high mean pore widths were based on results obtained with the much larger caffeine molecule and there is therefore not necessarily any inconsistency between the two approaches. The overall impression is that a single adsorptive cannot be used to estimate the mean micropore width of all activated carbons, but that comparatively smaller molecules (in order to avoid molecular-sieving effects) should be used for characterising narrow pore carbons and larger molecules for wide-pore carbons.
Carbon dioxide has frequently been used for the first case. However, from the data listed in Table 2 , it can be seen that the methanol molecule has the same size as CO 2 and from the results in Tables 3 and 4 it can be seen that methanol gave essentially the same values for the micropore volume and mean micropore size as given by CO 2 . Methanol could therefore be a useful alternative to CO 2 for characterising narrow-pore carbons, with the advantage that the whole isotherm may be determined readily without having to resort to very high pressures. On the other hand, for characterising wider-pore carbons using gas adsorption techniques, it would be difficult to find an adsorptive with an acceptably high vapour pressure at or near to room temperature with a molecular size greater than that of neopentane. It should also be noted that standard adsorption data for both methanol and neopentane are available (Carrott et al. 1988 (Carrott et al. , 2001a .
Further insight into the results may be obtained by considering the values of the characteristic energy, E 0 , for the different systems and comparing them to previously published results obtained by applying the DRK equation (Kaganer 1959) to non-porous carbon blacks. These values are given in Table 6 . In the case of N 2 , the results reported herein were very close to the values of 9.8-10.8 kJ/mol obtained by Hugi-Cleary and Stoeckli (2000) using carbon blacks which may have been slightly more graphitised than those employed by us. All the adsorptives gave similar E 0 values with the carbon blacks. This is to be expected as, within the framework of the TVFM, E 0 is a property which is solely characteristic of the adsorbent. The E 0 values were also very similar for all the adsorptives with the Takeda samples, with the significantly greater than two-fold enhancement being consistent with the narrow pore size of these materials. On the other hand, with each of the Maxsorb samples, the E 0 values appeared to increase as the molecular size of the adsorptive increased, and with both samples all the E 0 values were less than twice the equivalent value obtained with the carbon blacks. The only system for which the enhancement was close to two-fold was M25/neopentane. The relatively small enhancement in E 0 apparently had no influence on the validity of the characteristic curve concept nor the application of the DR equation.
On the other hand, the results suggest that use of equation (4) for estimating the mean pore width was only valid when there was an approximately two-fold enhancement in the E 0 value. Finally, it is evident that the behaviour of N 2 was different from that of the organic adsorptives. In this case, the characteristic curve could have a different shape and both the micropore volume and the mean micropore width could be higher or lower. We believe that this is associated with the much lower measurement temperature employed. On the one hand, the thermal energy of the adsorbed molecules would be much lower and thereby facilitate localised adsorption. On the other hand, however, the vibrational frequency of the atoms in the graphene layers as well as those of the surface functional groups would be lower and this may influence the effective pore volume and the accessibility of the micropore structure.
CONCLUSIONS
The work discussed in this paper indicates that the adsorption isotherms of organic vapours determined on microporous carbon adsorbents can be analysed within the framework of the TVFM and that, in the absence of molecular-sieving effects, both the characteristic curve concept and the DR equation are valid over the whole of the micropore range. This corresponds to a ratio of the mean pore width to the molecular diameter, L o /σ, of less than or equal to 5, and to at least a slight enhancement in the characteristic energy, E 0 , of the adsorbent relative to the corresponding value obtained with non-porous carbon blacks. On the other hand, estimation of the mean micropore width was only possible for values of L o /σ up to ca. 2.3, corresponding to at least a two-fold enhancement in the E 0 value. The results obtained using N 2 at 77 K showed some significant differences from those obtained with organic adsorptives at higher temperature. Carbon black 9 ± 1 -10.5 ± 1 12 ± 3 9.3 ± 1 10 ± 1 Takeda 23 ± 2 27 ± 1 28 ± 2 28 ± 1 28 ± 1  -M30  18  12  13  14  17  M25  19  14  15  16  19 
